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Precision measurements vs. direct detection

March 2012
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Direct vs. indirect detection
@ provide complementary information
® success of SM

S. ! : : :
@ consistency check of any new physics scenario



Z-pole precision measurements

6 March 2012

M = 152 Gc.aV

5 Aagd =
— 0.02750+0.00033
1\ - 0.02749+0.00010
4 -+ incl. low Q° data
X 2-
S 3
2 -]
1
{LEP LHC
0 excluded - S excluded
40 100

LEP EWWG m,, [GGV]
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Measurement Fit 10™*-0"/c™**
0 1 2
m,[GeV] 91.1875=0.0021 91.1874
r,[GeV]  2.4952x0.0023  2.4959
or. [Nb]  41.5400.037  41.478
R, 20.767 +0.025  20.742
AL 0.01714 + 0.00095 0.01645
A(P) 0.1465 + 0.0032  0.1481
R, 0.21629 = 0.00066 0.21579
R, 0.1721 +0.0030  0.1723
AP 0.0992 + 0.0016  0.1038
AY° 0.0707 + 0.0035  0.0742
A, 0.923 = 0.020 0.935
A, 0.670 + 0.027 0.668
A(SLD) 0.1513 £ 0.0021  0.1481
sin’07(Q,) 0.2324 +0.0012  0.2314
m, [GeV] 80.385=0.015  80.377
r,[GeV]  2.085 = 0.042 2.092
m,[GeV]  173.20 x0.90 173.26
3
March 2012 0 1 2



Z-pole precision measurements

6 March 2012
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@ Confirmation of SM @ quantum level
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@ Sensitive to new physics interact with W and Z

0 2
m,[GeV] 91.1875=0.0021 91.1874
r,[GeV]  2.4952x0.0023  2.4959
O[N] 41.540+0.037  41.478
R, 20.767 + 0.025  20.742
AL 0.01714 + 0.00095 0.01645
A(P.) 0.1465 = 0.0032  0.1481
R, 0.21629 + 0.00066 0.21579
R, 0.1721+0.0030  0.1723
ASP 0.0992 + 0.0016  0.1038
AL 0.0707 = 0.0035  0.0742
A, 0.923 = 0.020 0.935
A, 0.670 = 0.027 0.668
A(SLD) 0.1513 £ 0.0021  0.1481
sin“0P'(Q,) 0.2324 =0.0012  0.2314

O
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Low energy precision measurements

@ address questions difficult to study at high energy (LHC)
weak interactions (parity violation)

@ probe new physics off the Z-resonance
- sensitive to new physics not mix with Z (and W)

@ high precision low energy experiment available

S. Su 4



muon g-2

size of loop effects from new physics: (a/m)(M/M, )2

muon g-2: M=m, , M_., =m, — 5" - 2x10-, 5exp < 109

p 4
_ Qeh  iih o= 92
g 20 - w=(14+a) - with a = —
%2202_ ........ R { e —
AU, RS A
; 200_} ______________________________________________________ } _______________________________________________________ ? __________ a,(Bxpt) = 116592 089(54)(33) x 107" }

a,(SM) = 116 591 802(42)(26)(02) x 10~

Aa, = 287(80) x 10~
BNL E821 exp |

S. Su SM issues w.r.t. g-2: Ruth Van de Water



muon g-2: new physics

® sensitive to new physics related/unrelated to EWSB
® flavor-, CP-conserving, chirality flipping, loop induced
= high energy colliders: chirality conserving
— other LE precision observables: CP-, flavor- violating

@ sensitive to lepton couplings

S.Su 6



muon g-2: new physics

® sensitive to new physics related/unrelated to EWSB
® flavor-, CP-conserving, chirality flipping, loop induced
= high energy colliders: chirality conserving
— other LE precision observables: CP-, flavor- violating

@ sensitive to lepton couplings

2
a,(N.P.) = 0O(1) x (%) X (5m’;gN'P')> Czarnecki and Marciano (2001)
7}
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muon g-2: new physics

® sensitive to new physics related/unrelated to EWSB
® flavor-, CP-conserving, chirality flipping, loop induced
= high energy colliders: chirality conserving
— other LE precision observables: CP-, flavor- violating

@ sensitive to lepton couplings

a,(N.P.) = O(1) x (%)2 ’ (5mM(N.P.)>

A md

Czarnecki and Marciano (2001)

(

)
2
® C(N.P.) = 5mN(N._P.7)/mM ~ 1 a,(A) ~ ng ~ 1100 % 10—1! (

1 TeV 2
A

® C(N.P.) = O(a/4m) ay small

@ infermediate C(N.P.), a, could explain exp deviation

C(SUSY) = Oftan fx a/4r)

6 IF working group report )




Low energy precision measurements

@ high precision low energy experiment available

size of loop effects from new physics: (a/m)(M/M,,,)>?

- B-decay, m-decay: M=m,,, d"¥ - 103, §°xp ~ 103

- parity-violating electron scattering: M=m,, , d"e% ~ 103
G, o F :
EP\' — ""m,rl ",-';’,("f '}",f Qwe’p ~ 1'4 Sln29W ~ 0.1

v’ 1/Q,*P =10 more sensitive to new physics
v need 5 ~ 102  easier” experiment

@ discriminatory power with an array of measurements

S.Su 7



Neutral Current experiments

sin<0,,

® APV (Cs,...)

@ PVES (E158, Qweak,...)

@ neutrino scattering (NuTeV...)
@ eDIS

S.Su



Test of sin20,, running

Weak mixing angle sin6,,

M?2 | 2 e=g sin0
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Test of sin20,, running

Weak mixing angle sin6,,

M2 /2 e=g sinb
sin?fy =1 — —W = 9 J w
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Test of sin20,, running

Weak mixing angle sin6,,

sin @y =1 —

g, 9/2) e=g sinf,,

— — J
M2 g2+ g7 =g’ cosO,
0-245 L BLILL 1 LI LA 1 LILLLLILL 1 LU 1 T rrrrnm 1 LI 1 LI
— sm | | I I I 7 'a
@ establish SM running with high precision
0.240
= \
= S,
“c 0.235 0.23071 + 0.00053
»
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Sin6y(M,)__
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Test of sin20,, running
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Test of sin20,, running

Weak mixing angle sin6,,
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Test of sin20,, running

.. : 2 2 e=g sinb
Weak mixing angle sin6,, 29 _1_ Mw _ g W
S111 Uy M% g2 i g,2J =g! cosew
0-245 LI LILLLILLLL LILLLILLLL LILLLLLLL LILLLILLLL LILLLILILLL LILLBLILL
— SM I I I I I I/ g

@ establish SM running with high precision
@ resolve Z-pole 3 sigma discrepancy

@ probe new physics insensitive at Z-pole
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Test of sin20,, running

Weak mixing angle sin6,, >

sin“ Oy =1 — __9
My g*+ 9’2)
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Test of sin20,, running

° ° . 2 2 | = -
Weak mixing angle sin6,, sin2 = 1 — My ¢ e ? sind,
M2 ¢?>+g? =g’ cosOy,
0-245 IIIII 1 IIIIIIII I IIIIIIII 1 IIIIIIII 1 IIIIIIII
— sm

0.240 £
<
—_ "Q?
=. - - - .
= Atomic Parity Violation
D
N
e 0.235
B e
0.230
* Coherent quarks in entire nucleus
| | * Nuclear structure uncertainties
0225 Ll L LLIll Ll L LLllll 1

60001 0001 o001 | ° weak charge of Cs

u [GeV]



Atomic parity violation

Two approaches

. rotation of polarization plane of linearly polarized light
. apply external E field = parity forbidden atomic transition

Boulder group: cesium APV 0.35% exp uncertainty wood et. Al. (1997)

) Gro ) o
”’[)1:,'2 w— ”'513'2 ~ -—!/—_-( SI)(/)(JH(/' \) +
' 22
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Atomic parity violation

Two approaches

. rotation of polarization plane of linearly polarized light
. apply external E field = parity forbidden atomic transition

Boulder group: cesium APV 0.35% exp uncertainty wood et. Al. (1997)

(r' .

/ ' F -

I [) — S / ~ "—",:( ‘I / + e
e i 2v/2 sp( )

Qu(Z.N)=(2Z+N)Q,*+Z+2N)Qy?
~ Z(1-4 sin20,,)-N = -N

S.Su 11



Atomic parity violation

Two approaches

. rotation of polarization plane of linearly polarized light
. apply external E field = parity forbidden atomic transition

Boulder group: cesium APV 0.35% exp uncertainty wood et. Al. (1997)
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Atomic parity violation

Two approaches

. rotation of polarization plane of linearly polarized light
. apply external E field = parity forbidden atomic transition

Boulder group: cesium APV 0.35% exp uncertainty wood et. Al. (1997)

Gy
”,Pl /2 — NSy ~ - -{_-('.g;p(Z)QH'(Z. N)
2V 2

finite nuclear size
nucleon substructure

nuclear spin-dependent term
0~ £0.15%

Pollock and Wieman (2001)
Musolf (1994)

Erler, Kurylov and Ramsey-Musolf (2003)
S. Su 11



Atomic parity violation

Two approaches

. rotation of polarization plane of linearly polarized light
. apply external E field = parity forbidden atomic transition

Boulder group: cesium APV 0.35% exp uncertainty wood et. Al. (1997)
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Atomic parity violation

Two approaches

. rotation of polarization plane of linearly polarized light

. apply external E field = parity forbidden atomic transition

Boulder group: cesium APV 0.35% exp uncertainty wood et. Al. (1997)

;1’1’1 /2 = NSy~ - ' VOw(Z, N)+ ...

atomic structure

1% Blundell et. al. (1990, 1992)
Dzuba et. Al. (1989)

= reduced error 0.6% (exp + theory)

via transit dipole amplitude measurement
Bennett and Wieman (1999)

S.Su 11



Atomic parity violation

Two approaches

. rotation of polarization plane of linearly polarized light
. apply external E field = parity forbidden atomic transition

Boulder group: cesium APV 0.35% exp uncertainty wood et. Al. (1997)
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Atomic parity violation

Two approaches
. rotation of polarization plane of linearly polarized light
. apply external E field = parity forbidden atomic transition

Boulder group: cesium APV 0.35% exp uncertainty wood et. Al. (1997)

(r' o - r r
11’1)1 T o o Hb'l 12 o --I’,_('\Il(/)(")“(z N ) + ¢ oo
' ' 2V 2

Q,Cs (exp) = -72.62 + 0.43 Q,,C5(SM)=-73.23 (2) 1.5 o deviation

S.Su 11



Test of sin20,, running

e e . 2 12
Weak mixing angle sin6,, sin? By = 1 — My _ _ 9
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Test of sin20,, running
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Test of sin20,, running

Weak mixing angle sin6,,

12
5 9 11%4 g
sin“Oyw =1 —
s Mz g +g” )
0-245 L BLILL 1 LI LA 1 LI BLLL 1 LILLLLLL 1 LI LLLL
- i i i i i

0.240
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=
=
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E 0.235
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CMS¢
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Test of sin20,, running

Weak mixing angle sin6,,

2 12
.2 _ My, g
sin“ by =1— — = 5 -
Mz  g°+g
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Moller

@ polarized e beam scattering off unpolarized electron in liquid
hydrogen target at low Q2
¢ ¢ e A

| l. I\/'
Lpc = fQ Qe e fy.f Ly 2.5 (/"""'”'(‘ fyuf
PC (12 e 4 ) GRS R T I\ \/§ / S A B T 5
Q,° (SLAC)
weak charge T 1457)
ot = o A <2 we tree -(1-4s
Qw' =29y =21, -4Qs Q,¢ loop -0.0449
2 0.026 GeV?
O r—0 f 9
ALR = 5iFon X Quy A -0.131 ppm

S s exp precision 13%
e o sin20,, 0.0013




Test of sin20,, running

Weak mixing angle sin6,,

.2
sin"0,,,(u)

0.245

sin® @y =1 — —
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Test of sin20,, running

Weak mixing angle sin6,,

.2
sin 6,,(w)

0.245

sin® @y =1 — —
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+ published
ongoing
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0.230
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Test of sin20,, running

. : 2 2
Weak mixing angle sin6,, sin? By = 1 — Mv2v _ 29’
MZ g _|_ g/2
0.245 — M AL AL LR RLLL, IR B LR F ALELRAL
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ongoing
0.240 o planned :[Qw(e) .g,
g?
— &S
= Q. (Jiab)
& Q,,(Cs) W
£ 025 Q,° tree -(1-4s2)
Q2 loop -0.0449
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Test of sin20,, running

Weak mixing angle sin6,,

.2
sin 6,,(w)

0.245

sin® @y =1 — —

— SM

+ published
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Moller

N

Test of sin20,, running

2 12
+ 0.00029 .9 . My, g
sin“ Oy =1 — =
M2 92 —|- g/2
0.23071 = 0.00053 Z
|||||||I 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 LI
0.23131 + 0.00041
0.23070 + 0.00026
D, (€) (o))
W IS
0.23193 + 0.00029 [g| ac 5
023 0231 0232 g"
sin6,,(M,)__ 2
b Se g
W /.Q S
0.235 S, .
&
9
LEP 1
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0.230 §Q,(Ra) SLD
CMS+¢
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Test of sin?0,, running

2 /12
Moller + 0.00029 - 9 _ My, g
sin“ Oy =1 — —
Mz g2 _I_g/2

A% 0.23071 + 0.00053 Z

A(P) 0.23131 = 0.00041

A(SLD) 0.23070 = 0.00026

AP —v—  0.23193 = 0.00029

023 0231 0232
2
sinf0,(M,)__

50.235
J0.234

30.233

’ ITevatron -

@; _I_I;;L_L-ER %0-232 :
T Aaat 1307 SLD
CMS{
<€
||||||I 1 |||||||I 1 |||||||I 1 |||||||I ] =r=111I|H
1 10 100 1000 10000

u [GeV]



Test of sin20,, running

.. . M2 q'*
-2 %%
Weak mixing angle sin6,, sin? By = 1 — o
7z 9°*g
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Test of sin20,, running

.. . M2 q'*
-2 %%
Weak mixing angle sin6,, sin? By = 1 — o
7z 9°*g
0-245 LILLLI LILLLBLILLL LILLLILILLL rrrrrrm LILLLILILLL LILLLBLLLL LI
— SM I I I I I I
+ published
ongoing
0.240| ® planned :[Qw(e)
=
=
==
c 0.235
‘»

0.230

v

JLab

0 5 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII L1 1l

22
0:0001 0.001  0.01 0.1 1 10 100 1000 10000
u [GeV]




Test of sin20,, running

. : 2 2
Weak mixing angle sin6,, sin2fy =1 — MV; g
M; g +g”
Ol245 LILLLI LILLLLILLL LU LILLLLLLL LILLLLLLL LILLLBLLLL L
E—— | | | | | |
+ published
= ongoing
0.240| © planned IQW(G) K
&
—_ 2
S
& Q-Weak (JLab)
“c 0.235
@ e e

0.230

0.225

0.0001

e Coherent quarks in p

. QP

1 I Iﬂ
u [GeV]

0.1

0.01

0.001




QWEAK

@ polarized e beam scattering off proton, elastic scattering

Q,° (Qweak) Q,°(SLAC)

Q,°Ptree 1-4s2 -(1-4s2)
Q%P loop 0.0721 -0.0449

g 0.03 GeV? 0.026 GeV?
A -0.27 ppm -0.131 ppm
exp precision 4% 13%

d sin?0,, 0.0007 0.0013

S.Su 16



Extract Q,°

use kmematlcs to simplify: at forward angle 6

Arp = \/_7_“ q [Q al, (1994)
2
(
F ~ 4 2—(1 + ) fn stdng@ qumks@ q
-lmp

* measure F(08,g2) over finite range in q2, extrapolate F to small g2
existing PVES: SAMPLE, HAPPEX, 60, A4

* minimize effect of F by making g2 small

* g%~ 0.03 GeV?, still enough statistics

=>6prIQp zZ%

W | hadronic effects

S.Su 17



QCD correction to ep scattering

Box diagpam contribution to QWP Erler, Kurylov and Ramsey-Musolf (2003)
— — — R R 0

5 7
box, 7 = > (1 — 4s7) |In (’/’\';) +Cyz(N)

T 1

suppression  non-calculable

-
-

Similar to nuclear p-decay

__Gpa .”"lﬁ)\'. 3.
o {In ( 5 ) + C.y (/\)w 6%
Nacp < Kioop < O(mMy)

ICowl <2  (CKM unitarity) non-perturbative
ICYZ| <2 s  ().65% (2% for. ener'gy
dependent contribution)

S. Su Total theoretical uncertainty ~ 2% 18



QCD correction to ep scattering

BOX diagr'am contribution to QWP Erler, Kurylov and Ramsey-Musolf (2003)
— — =~ - e D

box. ; = 2’;(1 1— 452) {In ('/'g ) +Cy 2] 4
\ / 1 J

suppression  non-calculable

Similar to nuclear p-decay

Review Articles:
Erler and Ramsey-Musolf (2005)
Ramsey-Musolf and SS (2006)

Kumar, Mantry, Marciano and Souder (2013) )
Erler and SS (2013) z
ICywl <2 (CKM unitarity) non-perturbative

Czl <2  eee—— 0.65% (2% for energy
dependent contribution)

S. Su Total theoretical uncertainty ~ 2% 18
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Test of sin20,, running
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Test of sin20,, runnin

Weak mixing angle sin6 .29 4 _
mixing angie W sin® Oy = 1 2 gz—l—g’QJ

0-245 IIIII I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII LI L L
— SM
+ published
= ongoing
0.240| © planned :[Qw(e) NuTeV .g,
SLAC S
O
- o
= &
GD; . .
“e 0.235 Neutrino Scattering
» AV, w Vv A%
~ ., Z\:/'
0.230 & ,&
zq, ° Quark scattering (from nucleus)
J.: » Weak charged and neutral
0225 Ll IIIIIII Ll IIIIIII Ll IIIIIII L

295 il il u current difference




Neutrino-nucleus DIS: NuTeV

Vi Vi Vi Iz
—— >) - — - S -
2 :
NC 4 cc s
u, d 2w d d S U
£=-Stopa -y 1o (14 79)f)  GLRP=(EYLR)PH(EY R)?
=B (1 -7 x w(l—=7")f w(l+7°)f)  SLR LR LR
N ( : NC e
o o(v, N v X) OGN o(vuyN — vy X) A2y
R, = 4N —t P =2 = g% 4+ r R; = Y- ——— — =g7 + 19
YT oC¢ T o(uuN —pmx)  ETIR " o€C T o(puN — ptXx) LT TOR
1 N
r ~ ,—' ~ |(' ~ 2
sN

5R'=-0.0033 £ 0.0015 5Rv=-0.0019 + 0.0026
. exp fit (p=1): sin20,onshell = 0.2277 + 0.0016

 SM fit to Z-pole: sin20,°n-shell =
S. Su

= 0.2227 + 0.00037 (3 o away)
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Test of sin20,, running
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Test of sin20,, running

: o 2
Weak mixing angle sin6,, sin2y = 1 — My ¢ )

0-245 IIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII L
— SM
+ published
ongoing
0.240| ® planned :[Qw(e) NuTeV .g,
SLAC I3
[
- £
3 ,,
@3 c. DIS-Parity
“e 0.235
"B e e
Y

0.230

* Isoscaler quark scattering
¢ (2C,,-C1g)+Y(2C,,-Cyy)

Ll IIIIIII Ll IIIIIII Ll IIIIIII Ll IIIIIII Ll IIIIIII t
0.225
0.0001 0.001 0.01 0.1 1 10

u [GeV]




S.Su

-0.3

0.1 -0.05

025 -02 -0.15 0 005 0.1 015

C

2u

Courtesy of P. Reimer

23



S.Su
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Precision of sin20,, determination

Measurement Asin28,,/sin?0,, Asin?0,,

Z-pole 0.07% 0.00017

0.5% Q,(Cs) 0.6% 0.0013

NuTeV 0.7% 0.0016

13.1% Q,(e)StAC 0.5% 0.0013

4% Q\(p) 0.3% 0.00072

2.3% Q, (e)Vab 0.1% » 0.00029
(on par with Z pole)

2% Qy(p) Mainz 0.15% 0.00036

2.5% (0.5%) eDIS 1.4% (0.28%) 0.003 (0.0006)

S. Su 24



Sensitivity to new physics scale

Gu - g° 2
2 % 1Y5€ ZQ“ gy q+~~ 5EYuY5E Zhlq“.’

Ramsey-Musolf(1999) 1 1
A: new physics scale 0(1)

PV
I«q '—1 +[new=

10 ——
courtesy of Carlini

0 " baaa Laa . adaa A baaa baaa
0 1 2 3 4 5 6 7 A

Relative Error (%)

(=
T

Take 5Q,,P=4%

A 1
~ ~ 4.6TeV

9  \V2Gr|sQ}|

Alg([TeV]

"

« probe new physics scale comparable to LHC

« confirmation of LHC discovery (couplings, charges)
S.Su 25



Misc. model sensitivities (non-SUSY)

Courtesy of D. Mack

Experiment 4 Leptoquarks Compositeness
M(Zy) M(Z.R) M o(up) M g(down) (LL)
(TeV) (TeV) e-q e-e
(TeV) (TeV)
(TeV) (TeV)
EW fit 0.78 0.86 15 1.5 11-26 8-10
0.5% Q,,(Cs) 1.2 %1.3 * 4.0 3.8 *28 -
13.1% Q,(e) 66 .34 - 13
4% Q,(p) 95 .45 31 %43 * 28  ----
2.5% Q,(e) * 1.5 .77 - %29
scaled from R-Musolf, PRC 60 (1999), 015501
S. Su 26




SUSY contributions

Kurylov, Ramsey-Musolf, Su (2003)
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SUSY contributions

Kurylov, Ramsey-Musolf, Su (2003)
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SUSY contributions

Kurylov, Ramsey-Musolf, Su (2003)
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Correlation between Q P, Qw®

DiSﬂﬂgUiSh hew EhXSiCS Erler, Kurylov and Ramsey-Musolf (2003)

A QP AQye

+0.0029 + 0.0052
o exp —— ®
« MSSM o - Distinguish

ia APV Q,,°s

e extra Z’ > - v Qw
 RPV SUSY —
o leptonquark

SM SM
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Correlation between Q P, Qw®

DiSﬂﬂgUiSh hew EhXSiCS Erler, Kurylov and Ramsey-Musolf (2003)

A QP AQye

+0.0029 + 0.0052
o exp —— ®
« MSSM o - Distinguish

ia APV Q,,°s

e extra Z’ > - v Qw
 RPV SUSY —
o leptonquark

SM SM

Combinations of NC exps could be used to distinguish various new physics

S.Su 28



Conclusion

Precision measurements played an important role in developing
and testing SM

They will be a crucial tool in probing new physics beyond the SM

Low energy precision measurement can probe new physics not mix
with Z (comparing with Z-pole precision observables)

precision frontier
Complementary to what we may learn from LHC

Opportunities and challenges (0.1%) for both experimentalists

and theorists
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